Background {#Sec1}
==========

*Borrelia burgdorferi* (*sensu lato*) is a bacterial complex whose members are causative agents of Lyme borreliosis, the most widespread vector-borne disease in Europe. The genospecies that accounts for the majority of Lyme borreliosis cases is *Borrelia afzelii* \[[@CR1]\]. The enzootic transmission cycle of *B. afzelii* predominantly involves small mammals and *I. ricinus* ticks, in which it is also the most prevalent *Borrelia* genospecies \[[@CR2], [@CR3]\].

The high genetic diversity of *B. burgdorferi* (*s.l.*), at both inter- and intra-specific level, is partly the reason for the multiple clinical manifestations that the infection with these bacteria can display in humans \[[@CR4]--[@CR7]\]. An important role in the maintenance of the intraspecific genetic diversity of *B. burgdorferi* (*s.l.*) has been attributed to the host community. One of the underlying mechanisms is the multiple-niche polymorphism balancing selection where various vertebrate hosts can act as ecological niches for some genotypes of a species \[[@CR8], [@CR9]\]. This balancing selection entails that the bacteria have different fitness in different vertebrate hosts. Changes in the vertebrate host composition could therefore result in changes in the abundance of the more pathogenic bacteria \[[@CR10]--[@CR12]\].

Genes such as the outer surface protein C gene (*ospC*) and ribosomal protein L2 gene (*rplB*) have been used in studies addressing the genetic diversity of *B. afzelii* \[[@CR13]--[@CR16]\] in either skin biopsies from rodents, or questing *I. ricinus*. While rodents could get infected by certain *Borrelia* genotypes, it is not necessary that they transmit them with equal efficiencies to the ticks feeding on them. Likewise, the presence of the genotypes with multiple sources in questing ticks cannot indicate which of the sources contributed most to the abundance of those respective genotypes. A manner to overcome these issues is to study the distribution of the various genotypes in the engorged larvae attached to their hosts. This has been done in two European studies highlighting the existence of co-infection with multiple *ospC* haplotypes of *B. afzelii* in fed larvae \[[@CR17], [@CR18]\]; these studies, however, did not address the question of differential roles of small mammal species in the maintenance of *B. afzelii* genetic polymorphism. To our knowledge, the only comparative studies on fed larvae from various rodent species were performed on *B. burgdorferi* (*sensu stricto*) (*s.s.*) \[[@CR19], [@CR20]\]. There they found that certain genotypes of *B. burgdorferi* (*s.s.*) are associated to certain vertebrate hosts, supporting the hypotheses that host adaptation is an important determinant for the genetic differentiation of *B. burgdorferi* (*s.s.*) and potentially also for its variation in pathogenicity in humans.

In this study, we tested the hypothesis of host driven multiple-niche polymorphism of *B. afzelii*. We did this by testing fed larvae collected from five small mammal species: the wood mouse (*Apodemus sylvaticus*), bank vole (*Myodes glareolus*), field vole (*Microtus agrestis*), common shrew (*Sorex araneus*) and pygmy shrew (*Sorex minutus*). While the first two are among the most abundant rodent species in northwestern Europe \[[@CR21]--[@CR23]\] and recognized as the most important reservoirs for *B. afzelii* \[[@CR3], [@CR24]\], the field vole and shrews are less studied in this context. To this end, we chose two protein-coding genes, whose products are active elicitors of the immune response of the rodent hosts \[[@CR25], [@CR26]\]: *ospC* and decorin binding protein A (*dbpA*). According to the niche-polymorphism model, we expected to find distinct haplotypes of the genes in the larvae collected from the small mammals. In order to be able to identify the *Borrelia burgdorferi* (*s.l.*) genospecies we additionally used the 5S-23S intergenic spacer region (IGS), which is located on the chromosome and is evolving neutrally \[[@CR27]\].

Methods {#Sec2}
=======

Sample collection {#Sec3}
-----------------

We trapped rodents and shrews with small mammal live-traps (Heslinga Traps, Groningen, The Netherlands) baited with grain, carrot and mealworms (as in \[[@CR28]\]). Traps were checked at 12 h intervals. The sampling was performed between July 2013 and August 2014 at 11 different sites located in ten forests in The Netherlands (Additional file [1](#MOESM1){ref-type="media"}: Table S1). Each animal was thoroughly examined for ticks and then released at the site of capture. Animals that accidentally died in the traps were brought to the laboratory for a thorough examination for ticks (see Additional file [2](#MOESM2){ref-type="media"}: Table S2 for an overview of which animals were checked alive, and which were checked dead). Each tick was collected and placed in a separate tube. For each tick we registered the species, the development stage (larva, nymph, adult) and the feeding status (fed/unfed). An overview of the tick burdens per species can be found in Additional file [3](#MOESM3){ref-type="media"}: Table S3. The samples were stored at -20 °C until DNA extraction.

DNA extraction and qPCR detection of microorganisms {#Sec4}
---------------------------------------------------

Total DNA was extracted from engorged larvae only. The level of engorgement was determined based on visual inspection under a stereomicroscope, where the flat larvae were assigned as unfed, while the partly- or fully-fed were assigned as engorged. This was done to ensure that the *Borrelia burgdorferi* (*s.l.*) detected in the larvae came from the vertebrate hosts they were feeding on at that moment, considering that transovarial transmission of these bacteria is absent or very low \[[@CR29], [@CR30]\]. The extraction was performed using the Qiagen DNeasy 96 Blood & Tissue Kit (Qiagen, Venlo, The Netherlands).

For the detection of *B. burgdorferi* (*s.l.*), a triplex qPCR, targeting *ospA* and *flaB* genes of *B. burgdorferi* (*s.l.*) and the *flaB* gene of *B. miyamotoi*, was used. The sequences of primers and probes are given in Additional file [4](#MOESM4){ref-type="media"}: Table S4. qPCRs were performed using the iQ Multiplex Powermix PCR reagent kit (Bio-Rad Laboratories, Hercules, USA), in a LightCycler 480 Real-Time PCR System (F. Hoffmann-La Roche, Basel, Switzerland). The triplex reaction mix for *Borrelia* species consisted of iQ multiplex Powermix, 100 nM of the B-FlaB-Rc and B-FlaB-Rt primers, 200 nM of the B-FlaB-F, FlabBm.motoiF2, and FlabB.m.motoiR3 primers, 400 nM of the B-OspA_modF and B-OspA_borAS primers, 100 nM of the B-OspAmodPatto probe, 200 nM of the B-FlaB-Patto and FlabBm.motoiPro probes, and 3 μl of template DNA in a final volume of 20 μl. Analysis was performed using the second derivative calculations for crossing point values. For each run three positive controls, two negative controls, and two blank samples were included.

Conventional PCR and sequencing {#Sec5}
-------------------------------

We targeted three genes located on different genetic elements of *B. afzelii*: (i) 5S-23S intergenic spacer region (IGS) located on the chromosome, (ii) *dbpA* located on plasmid lp54, and (iii) *ospC* located on plasmid cp26. In order to build a phylogeny of the spirochetes found in the rodent ticks, we used the 5*S-*23*S* rDNA intergenic spacer (IGS). The PCR was performed according to the protocol described in Coipan et al. \[[@CR27]\].

Conventional PCR for *ospC* was performed using the forward primer (OC6) described by Qiu et al. \[[@CR31]\] and a modification of the reverse primer (OC602) described by the same author, in a final concentration per reaction of 0.4 μM. The sequences of the primers are given in Additional file [4](#MOESM4){ref-type="media"}: Table S4. The PCR reaction was done using the HotStar Master Mix Kit (Qiagen), with the following conditions: 15 min at 94 °C, then cycles of 20 s at 94 °C, 30 s at 70 °C, 30 s at 72 °C lowering the annealing temperature 1 °C each cycle until reaching 60 °C, then 40 cycles at this annealing temperature and ending with 7 min at 72 °C. Due to the high sequence variability of *dbpA*, the conventional PCR for this gene was performed using three primer pairs, described in Additional file [5](#MOESM5){ref-type="media"}: Table S5. The PCR reaction mix and conditions were the same as for *ospC*.

PCR products were sequenced using an ABI PRISM BigDye Terminator Cycle sequencing Ready Reaction kit (Applied Biosystems, Foster City, California). Sequences were confirmed by sequencing both strands \[[@CR32]\]. Storage, trimming and cleaning of the sequences were performed in BioNumerics version 7.0 (Applied Math, Sint-Martens-Latem, Belgium).

Genetic analysis {#Sec6}
----------------

Sequences were aligned by MAFFT v.7.222 \[[@CR33]\]. Phylogenetic trees of all three genes were constructed by using a maximum likelihood algorithm, in RAxML, run under RDP 4.56 \[[@CR34]\], with 100 bootstraps. Based on the clustering in the phylogenetic trees each allele of the three genes received a unique ID number/name.

The *ospC* alleles were named according to Durand et al. \[[@CR15]\]. To identify similarities with sequences from other areas of Europe we downloaded IGS, *dbpA* and *ospC* sequences available in GenBank. The phylogenetic trees of IGS and *ospC* were rooted with *B. garinii*. For data visualization we constructed phylogenetic trees linked with heatmaps of the rodent species, using the functions implemented in the *ggtree* package \[[@CR35]\].

We tested for genetic differentiation between the various sites and rodent species using the AMOVA test implemented in Arlequin 3.5 \[[@CR36]\], where we defined the rodent species as a group and the various sampling locations as populations. We used R 3.4.4 to test for differences in tick burden using a generalized linear model with a negative binomial distribution and a log-link function \[[@CR37]\].

Results {#Sec7}
=======

Full body inspection for ticks was performed on 120 small mammals (Additional file [2](#MOESM2){ref-type="media"}: Table S2). The small mammals carried a total of 4292 larval and 94 nymphal *Ixodes ricinus*, with variable infestation levels between the various species (Additional file [3](#MOESM3){ref-type="media"}: Table S3). Wood mice did not have a significantly higher mean larval burden (mean ± SD, 48.1 ± 51.9) than bank voles (32.2 ± 39) (nbGLM: *Z* = 1.8, *P* = 0.08). Field voles had the highest mean larval burden (91.2 ± 165.5), which was higher than bank voles (nbGLM with bank voles: *Z* = 2.06, *P* = 0.05) but not than wood mice (nbGLM with wood mice; *Z* = 1.24, *P* = 0.22).

We tested for the presence of *Borrelia burgdorferi* (*s.l.*) in 1431 fully engorged larvae from 114 small mammals (Additional file [2](#MOESM2){ref-type="media"}: Table S2). On six of the common shrews and one of the wood mice we found only unfed larvae. Larvae from three of the five investigated small mammal species were positive, with an overall infection prevalence of 17.8% (255/1431). The positive larvae came from 29.8% (34/114) of the investigated vertebrates (Table [1](#Tab1){ref-type="table"}). All but one *B. burgdorferi* (*s.l.*) typed by sequencing of IGS were identified as *B. afzelii*. The exception was identified as *B. garinii* in one bank vole. The prevalence of infection with *B. afzelii* was significantly higher in larvae fed on bank voles than on wood mice (Fisher's exact test, *P* \< 0.001). This also held true for the two sites from which the majority of our rodents came from: Noord Ginkel (Fisher's exact test, *P* \< 0.001) and Planken Wambuis (Fisher's exact test, *P* \< 0.001). In one site (Deelerwoud) the prevalence of infection was higher in wood mice (Fisher's exact test, *P* \< 0.02). Of the 255 qPCR positive larvae, 163 yielded a sequence for IGS, 165 for *dbpA* and 164 for *ospC* (sequences given in Additional file [6](#MOESM6){ref-type="media"}: Table S6).Table 1Tick burden and prevalence of infection of the five small mammalian speciesLarval/nymphal tick burden median (range)*B. burgdorferi* (*s.l.*) prevalence of infection (positive/tested)LarvaRodent*A. sylvaticus*24.5/0 (1--226/0--7)0.13 (98/733)0.33 (16/48)*M. glareolus*16/0 (1--153/0--15)0.27 (152/570)0.34 (15/44)*Mi. agrestis*30/2 (2--386/1--9)0.42 (5/12)0.6 (3/5)*S. araneus*2/0 (0--28/0--1)0 (0/113)0 (0/15)*S. minutus*2.5/0 (2--3/0--0)0 (0/3)0 (0/2)

We identified 11 haplotypes of IGS, 9 haplotypes of *dbpA* and 9 haplotypes of *ospC* (Additional file [7](#MOESM7){ref-type="media"}: Table S7). The majority of the haplotypes could be found in both larvae that fed on wood mice and larvae that fed on bank voles (Fig. [1](#Fig1){ref-type="fig"}). Most of the haplotypes that were associated with only one of the two rodent species were present at low frequencies, very often being found in one tick only (Additional file [6](#MOESM6){ref-type="media"}: Table S6). For *ospC*, seven of our nine haplotypes were described in a recent article by Durand et al. \[[@CR15]\]. Similarly, IGS and *dbpA* haplotypes identical to the ones described in this study were identified in other European countries (results not shown). The sequences in our dataset containing ambiguous nucleotides were inferred to be the result of coexistence of the already defined haplotypes, and not new ones, since the double peaks occurred at the same positions as the segregating sites in the unambiguous sequences.Fig. 1Phylogenetic trees of IGS, *dbpA* and *ospC*. The associated heatmaps depict the rodent genus from which the ticks were collected: *Apodemus sylvaticus*, *Myodes glareolus* and *Microtus agrestis*; *B. garinii* sequences were used for rooting the IGS and *ospC* trees

Most of the rodents allowed transmission of multiple *Borrelia* haplotypes, with no difference between the bank voles and the wood mice in the mean number of haplotypes they can transmit (t-test: IGS, *t*~(25.7)~ = -1.68, *P* = 0.11; *dbpA*, *t*~(16.3)~ = -1.12, *P* = 0.9; *ospC*, *t*~(21.6)~ = -1.29, *P* = 0.21). The AMOVA test indicated that there was no genetic differentiation between the *B. afzelii* genotypes carried by the two rodent species (Table [2](#Tab2){ref-type="table"}) for any of the three investigated loci, the percentage of variation explained by the rodent species being less than 10%. The negative variance components observed for *dbpA* and *ospC* indicate the absence of genetic structure and should be interpreted as zero. The largest percentage of the variation was found within the population of *B. afzelii* at each location. There was also a relatively high variation among the various sampling locations (29.69--44.77).Table 2Results of AMOVA test for the three selected genesGenePercentage of variation (degrees of freedom)Between generaBetween samples within genusWithin samplesIGS5.32 (2)29.69 (10)65 (139)*dbpA*-11.78 (2)39.69 (8)72.09 (135)*ospC*-0.69 (2)44.77 (11)55.92 (141)

Discussion {#Sec8}
==========

In this study, we tested whether the three most common rodent species in northwestern Europe transmit different variants of *B. afzelii*, by comparing the haplotypes of *B. afzelii* at three distinct genetic loci in engorging larvae removed from rodents. Two main assumptions were made in the analysis of the data: (i) the newly hatched larvae that are questing for a vertebrate host are *B. burgdorferi* (*s.l.*) free, as previous studies have shown transovarial transmission to be close to null \[[@CR38], [@CR39]\] and (ii) all larvae have been attached to their hosts long enough to get infected with the bacteria of interest for our study \[[@CR38]\]. Recent studies \[[@CR29]\] have shown that transovarial transmission of *B. burgdorferi* (*s.l.*) might be the reason that 0.62% of the larvae are infected. We argue that, at this prevalence, the transovarially transmitted *Borrelia burgdorferi* (*s.l.*) in our study would represent only a minor fraction (8--9 positive larvae) and would, therefore, not be a major bias in our results.

Our comparison of the infection prevalence in the larvae feeding on the various small mammals indicated that *B. afzelii* is more prevalent in larvae feeding on bank voles than in those feeding on wood mice. While previous studies have indicated this with xenodiagnostic data \[[@CR40], [@CR41]\], our data confirm that the bank voles are better transmitters of *B. afzelii* than wood mice using field data.

We also find that bank voles and wood mice transmit the same *B. burgdorferi* (*s.l.*) genotypes to the larvae they feed. The existence of multiple genotypes with divergent nucleotide sequences at several loci in the genome of *Borrelia* could be explained, among others, by the multiple-niche polymorphism balancing selection, where the bacteria have evolved to be adapted to various vertebrate hosts. *Borrelia burgdorferi* (*s.s.*) bacteria in North America have been shown to confirm to this hypothesis, with host-specific bacterial strains \[[@CR19], [@CR20]\]. The same hypothesis was tested on the European *B. afzelii* using tissues from various rodent species \[[@CR13], [@CR14]\] but the results indicated that *B. afzelii* does not exhibit host specificity. One might argue, however, that using animal tissues will allow the detection of *Borrelia* genotypes that cause systemic infection in the rodents but will miss an important fraction of the *B. afzelii* genotypes: those transmitted *via* co-feeding \[[@CR18]\]. In order to circumvent this potential bias, we tested engorged larvae collected from small mammals. Our analysis indicated that most IGS, *dbpA* and *ospC B. afzelii* haplotypes are maintained by both wood mice and bank voles (Fig. [1](#Fig1){ref-type="fig"}). Furthermore, the high degree of linkage disequilibrium between the alleles at the three loci implies that the horizontal gene transfer does not occur often in these bacteria and that the spirochetes have evolved to have equal fitness for both species of the main rodent hosts. This implies that the innate immune response of the various small rodents exempts a more or less similar selective pressure on *B. afzelii*. The absence or scarcity of a haplotype in a rodent species in our study could be the result of a small sample size, so that the sampled rodents were infected with some haplotypes only, due to chance. On the other hand, our sample size could have been insufficient to capture the whole spectrum of haplotypes, so that we cannot exclude the possibility that other haplotypes of *B. afzelii* exist and those would show a different distribution pattern across the vertebrate hosts.

Another reason for the genetic variation at the selected loci could be, as pointed out previously \[[@CR13], [@CR27]\], geographical differentiation. Our data indicated that there is genetic variation among the sampling locations but this is lower than the genetic variation within the locations for all three genetic loci (Table [2](#Tab2){ref-type="table"}). We conclude, thus, that geographical differentiation at the local scale of *B. afzelii* strains at these three loci plays a minor role in the observed polymorphism. There are, however, differences in the frequencies of the haplotypes at various sampling sites. This can be explained by a negative frequency-dependent mechanism in which no genotype has a maximum fitness within a certain host species but that initial infection of a host triggers an immune response that will be protective against subsequent infections with genetically similar bacterial genotypes \[[@CR42], [@CR43]\]. The genotype that is most abundant at some point in time will be gradually decreased in frequency by negative selection from the host, favouring another one to become more frequent, with the ensuing fluctuations in time and space of the genotype's frequencies \[[@CR44]\].

In general, a third reason for the maintenance of the genetic variation at some genetic loci of *B. afzelii* could be the interaction bacterium-tick species. While some *Ixodes* species transmit multiple *B. burgdorferi* (*s.l.*) genospecies, other tick-*Borrelia* associations seem to be less efficient \[[@CR45]\]. Different tick receptors for *Borrelia* proteins could account for different attachment rates of the spirochaetes to the tick midgut and, hence, for their abundance in enzootic cycles \[[@CR46]--[@CR49]\]. Since in our study we only looked at *I. ricinus* larvae, which were only very seldom co-feeding with other *Ixodes* spp., we can exclude the possibility of selection of *Borrelia* genotypes by the tick species.

Several studies have shown that there are *B. afzelii* multilocus sequence types that are overrepresented in human samples, as compared to the tick samples \[[@CR7], [@CR50]\]. The natural question that ensues is: What is the provenience of those sequence types? Is there a vertebrate host in nature that can act as main reservoir for these sequence types? Our study suggests that the differential virulence of the *B. afzelii* sequence types is not the result of maintenance of the bacteria in distinct vertebrate hosts in enzootic cycles. The various rodent species were capable of transmitting or allowing transmission of many overlapping *B. afzelii* haplotypes. This finding, together with the variety of the transmission cycles of *B. afzelii* throughout Europe \[[@CR3]\], have direct implications for the control of *B. afzelii*, in the sense that interventions on the diversity of small mammal hosts would have limited, if any, effect in reducing the density of ticks infected with a certain bacterial haplotype. This is in contrast to what the "dilution effect", according to which more diverse host communities would lead to a reduction of the strains with increased pathogenicity for humans due to a decrease in the relative abundances of the competent reservoir hosts \[[@CR10]--[@CR12]\], would predict. Instead, the overall number of ticks feeding on the rodents could be decreased indirectly, by increasing the number of predators \[[@CR28]\] or excluding propagation hosts (e.g. deer) at small spatial scales \[[@CR51]\].

Conclusions {#Sec9}
===========

We show that small rodents do not contribute differently to the genetic diversity of *B. afzelii* at neither chromosomal nor plasmid loci. The results of the genetic analysis indicate that the existence of multiple haplotypes at plasmid loci that are responsible for the microorganism-host interaction is unlikely to be the result of niche-polymorphism balancing selection. It is possible that another form of balancing selection, such as negative frequency-dependent selection, is responsible for maintaining the genetic diversity at various loci in the *B. afzelii* genome. Further studies are necessary to elucidate the ecological factors that drive and maintain the genetic differentiation of Lyme disease spirochetes at an intraspecific level.
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